Recent advances in fluorescence super-resolution microscopy are providing important insights into details of cellular structures. To acquire three dimensional (3D) superresolution images of DNA, we combined binding activated localization microscopy (BALM) using fluorescent double-stranded DNA intercalators and optical astigmatism. We quantitatively establish the advantage of mono-over bis-intercalators before demonstrating the approach by visualizing single DNA molecules stretched between microspheres at various heights. Finally, the approach is applied to the more complex environment of intact and damaged metaphase chromosomes, unravelling their structural features.
Folding of DNA into chromatin is essential for packaging in the nucleus and plays a key role in the regulation of protein-nucleic acid interactions. It is essential to understand chromosome architecture because genome organization has significant impact on cellular processes such as DNA replication, recombination, repair, gene regulation and cell division. Chromosomes are dynamic entities with morphology alterations throughout the cell cycle. During mitosis, human chromosomes adopt a compact X shape before segregation of sister chromatids into daughter cells. Defects in DNA replication, recombination and repair can lead to aberrant chromosome structures manifested by breaks or gaps seen in metaphase spreads 1 . The most commonly employed techniques for investigating chromosome morphology are bright-field and widefield fluorescence microscopy in which DNA is labelled with a DNA binding probe such as Giemsa or DAPI. While most light microscopy techniques provide two-dimensional (2D) pictures of chromosomes, electron microscopy (EM) and atomic force microscopy (AFM) have been the major methods for the investigation of three-dimensional chromosome structure 2,3 .
However, unlike light microscopy in which DNA and DNA-binding factors can be labelled specifically, EM and AFM probe the whole structure of an assembly and cannot differentiate between distinct parts of complex molecules.
Super-resolution fluorescence microscopy methods have become powerful tools for highresolution structural investigations 4 . An elegant technique to achieve super-resolution imaging of DNA is binding activated localization microscopy (BALM) 5 . BALM relies on binding and dissociation/photobleaching of fluorescent DNA intercalating dyes and the localization from the associated increase in signal with high resolution. While the fluorophore signal intensity is important for localization precision, higher DNA association and dissociation rates are desired to increase the localization density in super-resolution images per unit time. A variety of DNA intercalators and buffers have been tested previously and YOYO-1, a double stranded DNA (dsDNA) intercalating dye, in combination with ROXS (ascorbic acid and methyl viologen)containing buffer was used for optimal imaging conditions 5 . We compared binding and dissociation kinetics of YOYO-1 and SYTOX Orange (SxO), another dsDNA intercalator commonly used in single-molecule studies [6] [7] [8] , under different buffer conditions. Using an autocatalytic model for association of both dyes demonstrates that SxO associates faster due to higher autocatalysis, that is, DNA bound SxO acts to cooperatively bind additional dye at a greater rate than YOYO-1 (Fig. 1a,b and Supplementary Fig. 1a ). YOYO-1 and SxO can be modelled as dissociating with mono and bi-phasic kinetics, as expected for mono and bisintercalators 9,10 , respectively. YOYO-1 displayed slower dissociation compared to SxO due to an additional, slow, kinetic step ( Fig. 1c,d and Supplementary Fig. 1b ). The measured kinetics indicate that improvements to BALM can be made by selecting mono-intercalating dyes with high autocatalysis, to optimally match the imaging parameters of the microscope. Importantly, it was possible to completely remove SxO while more than 30% of YOYO-1 remained on DNA even after extensive washing ( Fig. 1c,d) as reported previously 5 . In addition, we found that another oxygen scavenging imaging buffer (IB; TE50 buffer containing glucose, glucose oxidase, catalase and MEA-HCl) 11 improved association/dissociation of SxO to a larger extent than ROXS (Fig. 1b,d and Supplementary Fig. 1 ). These results suggest that SxO in IB should perform best in BALM imaging. To compare the quality of super-resolved images with YOYO-1 in ROXS and SxO in IB, we performed two-dimensional BALM measurements on well-defined DNA origami structures 12 ( Supplementary Fig. 2a -c). Even though it was possible to observe triangular and square-shaped DNA assemblies using both dyes, SxO led to a higher number of localizations than YOYO-1 ( Supplementary Fig. 2d ).
To investigate 3D DNA architecture using BALM, we introduced optical astigmatism through a cylindrical lens. As the fluorophore point spread function changes depending on the distance from the objective focal plane, astigmatism provides axial position information. This method has been previously applied to stochastic optical reconstruction microscopy (STORM) 13 and DNA PAINT 14, 15 . To demonstrate the feasibility of our approach, we first applied 3D BALM to 400 nm diameter microspheres coated with 100 base-pair (bp) long oligonucleotide duplexes ( Fig. 2a ). DNA-bead conjugates were immobilized onto the surface of a coverslip in a microfluidic flow chamber and 30 pM SxO was introduced in IB. When microspheres were not conjugated to DNA, no binding of SxO to microspheres was observed at this SxO concentration. 3D BALM images of DNA-coated beads showed hollow spherical structures with a mean diameter of 408 ± 14 nm (mean ± std dev) consistent with the expected size of the microspheres (400 nm as measured by the manufacturer) ( Fig. 2b,c and Supplementary Video 1).
To perform 3D BALM on individual DNA molecules, we generated a 10 kilo base pair (kb) linear DNA construct containing biotin modifications on one end and digoxigenin on the opposite end. DNA was tethered to a streptavidin-coated glass coverslip with the biotinmodified end, while the digoxigenin-labelled end of DNA was bound to a 1 µm diameter microsphere conjugated with anti-digoxigenin antibody ( Fig. 2e ). Microspheres conjugated to DNA were then attached to the surface in the presence of buffer flow to extend the DNA molecules. We performed 3D BALM at relatively higher SxO concentrations (500 pM) due to lower dissociation rates of the dye from highly stretched DNA 8 . At this concentration, SxO aspecifically bound to microspheres making them visible in 3D super-resolution images. Colorcoded images of DNA molecules show that the axial position of DNA increases from the surface-tethered end towards the microsphere-tethered end as expected ( Fig. 2e , top; Supplementary Fig. 3 ). An x-z plane projection of a single DNA molecule tethered at both ends to the surface demonstrates that such molecules lie flat on a single z-plane as expected ( Fig.   2d ). In contrast, a DNA molecule stretched between the surface and a microsphere revealed a clear slope ( Fig. 2e, bottom) . Due to the hydrodynamic force exerted on microspheres, DNA molecules were stretched to on average 90% of their contour length. A 10 kb DNA molecule (3 µm when stretched to 90% of the contour length) tethered at one end to the surface and at the opposite end to a microsphere 0.5 µm (the radius of the microsphere) above the surface is expected to display a tilt angle of 9.4° from the surface. The average angle of slope was 11 ± 1.7° (n=20, mean ± std dev), consistent with the predicted value. Next, we stretched single DNA molecules between two microspheres thus elevating both ends from the surface. 3D
super-resolution images of double-microsphere tethered DNA showed the entire molecule being stretched above the surface (Fig. 2f ). The average full width at half maximum of stretched DNA in the lateral, x-y plane was 35.6 ± 1.6 nm (mean ± std dev), higher than previously reported for surface-fixed DNA molecules 5 . Because we tethered DNA to the surface only at their ends, it is likely that thermal fluctuations led to lower resolution compared to completely fixed DNA. Consistently, we found that poorly stretched DNA molecules exhibited larger thickness ( Supplementary Fig. 3 ). The observed axial resolution on DNA stretched between two microspheres was 94.8 ± 5.5 nm (mean ± std dev), consistent with the expected halving of lateral resolution when using the astigmatism in 3D STORM 13 . Together, our results indicate that BALM can be effectively used with optical astigmatism to acquire 3D super-resolution fluorescence images of crowded as well as single DNA molecules.
To explore the applicability of 3D BALM on chromatin, we prepared metaphase chromosome spreads from Jurkat cells. After fixing chromosomes on the glass surface of a flow chamber, we introduced 50 pM SxO in IB and performed BALM imaging. Super-resolution images of SxO-labelled chromosomes yielded an average axial thickness of 714 ± 39 nm (mean ± std dev) ( Fig. 3a , Supplementary Video 2, and Supplementary Fig. 4 ). In addition, structural features of chromosomes such as fine DNA protrusions, that could not be seen with wide-field imaging, were detectable on 3D BALM images.
DNA damaging factors such as ionizing radiation can cause chromosomal abnormalities including chromatid gaps 16 , however the exact nature of these gaps is not clear. To investigate such structures with 3D BALM, we imaged metaphase chromosomes from irradiated cells.
Giemsa-stained chromosome spreads displayed small gaps on several chromosomes that would under bright-field microscopy be interpreted as breaks ( Supplementary Fig. 5 ). However, a 3D BALM image of a representative radiation-induced chromatid break ( Fig. 3b and Supplementary Video 3) highlights the benefits of 3D BALM for this application as fluorescence density was seen only on lower and not higher z-planes. This suggests that gaps seen in conventional wide-field microscopy may result from thinned chromatin regions rather than complete breaks (further examples in Supplementary Fig. 6 ). As an alternative approach to introduce chromosome damage, metaphase spreads were treated with sonication in an ultrasonic bath. Similar to irradiated chromosomes, sonication induced thinned regions on some of the chromosomes as revealed by 3D BALM (Supplementary Fig. 7 and Supplementary Video 4).
The ability to differentially target specific DNA sites with fluorescence in situ hybridization (FISH) is a powerful tool to investigate chromosomal arrangements 17 , and has been extensively used in analysis of telomeres 18, 19 . We used an Alexa647-labelled protein nucleic acid (PNA) probe to mark telomeric sequences on fixed metaphase chromosomes to obtain 3D organization of PNA-labelled sites with direct STORM 20, 21 (Fig. 3c ). Importantly, we were able to acquire 3D BALM images of entire chromosomes and overlay the two super-resolved images ( Fig. 3c and Supplementary Video 5). Interestingly, while some telomeric PNA probe localized to the top exterior region on chromosomes ( Fig. 3c ), others bound to the interior regions and adopted extended shapes ( Supplementary Fig. 8 ). With this method, it will be possible to analyse telomeric structures in detail under different stress conditions. We have demonstrated the use of fluorescent DNA intercalators for 3D super-resolution imaging of isolated DNA molecules as well as chromatin. Thus, 3D BALM is a versatile method for investigating the architecture of chromosomes. In the future, other DNA binding fluorescent dyes can be tested for specific applications such as cell-permeable fluorophores for 3D BALM in living cells 22 . We provide a kinetic analysis to allow careful selection of intercalators, the concentration, and the buffer conditions necessary. We demonstrated the ability to combine 3D BALM and STORM making it possible to superimpose threedimensional super-resolution images of DNA with other chromosome components. Therefore, super-resolution images of other factors such as γH2AX marking DNA double-strand breaks 23 can be acquired and overlaid onto 3D BALM images.
Methods
Flow cell preparation. Flow cells were prepared essentially as described previously 24 DNA origami. Nanoscale DNA origami was built as described in ref 12, 25 . A single-stranded scaffold DNA, and over 200 oligonucleotides, called staple strands, were used for selfassembly of DNA molecules into triangular and rectangular DNA origami shape with the edge length of 120 nm. A mixture was prepared with 100 nM staple mix and 10 nM scaffold from Biotin/digoxigenin-modified 10 kb linear DNA. l DNA was digested with ApaI (New England Biolabs), separated on a 0.5% agarose gel, and the resulting 10 kb fragment was isolated via gel extraction (Qiagen). Biotinylation of one end of this fragment was achieved using the same protocol described for biotin-modification of l DNA. To label the other end of 10kb DNA with digoxigenin, a ~0.5 kb fragment from pUC19 was PCR amplified with 5'ATGCCGGGAGCAGACAAGCCCGTC3' and 5'ATGGGCCCAGCTGGCACGACAGG-TTTCCCG3' in the presence of digoxigenin-11-dUTP (Roche). The digoxigenin-labeled DNA was digested with ApaI, gel purified, mixed in 10-fold excess with biotin-modified 10 kb DNA, and ligated using T4 DNA ligase (NEB). The substrate was separated on a 0.5% agarose gel and purified by gel extraction.
10 kb DNA was immobilized on the surface from its biotinylated end as described above. To attach the other end of DNA to microspheres, we conjugated polyclonal anti-digoxigenin antibody (anti-dig, Roche) to carboxylated polystyrene particles (1 µm diameter, Spherotech Inc.). Anti-dig-coated microspheres in blocking buffer were introduced into the flow cell and allowed at least 1 hr to bind DNA. Free microspheres were removed by washing the chamber with blocking buffer. To stretch DNA and attach microspheres to the surface, an oligonucleotide (10 nM in blocking buffer) containing digoxigenin on one side and biotin on the other (5'BiotinTEG-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT3'Digoxigenin) was withdrawn at 250 µl/min for one minute.
To stretch DNA between two microspheres, 0.4 µm-diameter streptavidin coated beads were attached on the PEG-Biotin-modified coverslip surface of the flow cell. DNA was then introduced to attach the streptavidin-coated microspheres from the biotinylated end of DNA.
Because surface is not coated with streptavidin at this stage, DNA binds only to streptavidinconjugated microspheres and not to the surface. After removing free DNA, 1 µm-diameter antidig-conjugated microspheres were introduced for binding to the free digoxigenin-end of DNA molecules. After removing free anti-dig-coated microspheres, streptavidin was introduced to coat the PEG-biotin surface. Finally, free streptavidin was removed, and biotin/digoxigenin double-labelled oligonucleotide was introduced as described above to attach anti-digconjugated microspheres to streptavidin-functionalized surface.
Metaphase chromosome spreads. Human T lymphocytic Jurkat cells (ATCC) were grown in suspension at 37°C in a humidified atmosphere with 5% CO 2 in RPMI-1640 medium (Sigma-Aldrich) supplemented with 1.5 mM L-glutamine (PAA Laboratories, Austria), 10% fetal bovine serum (Thermo Fisher) and penicillin/streptomycin (50units/ml, 50µg/ml) (Thermo Fisher). Cells were maintained between 1 and 20 x 10 5 cells/ml. Cells in medium (1.5 x 10 6 cells/mL; 5.5 mL in 15 mL centrifuge tube) were irradiated at 1 Gy or sham-irradiated at room temperature by a 137 Cs source at 5 Gy/min. Samples were kept on ice to and from the irradiator.
Cells were then incubated with colcemid (0.15 mg/mL; Sigma-Aldrich) at 37°C in a humidified atmosphere with 5% CO 2 for 1.5 hours. Medium was subsequently replaced with 2.5 mL 75 mM KCl hypotonic buffer after spinning cells at 500 x g for 5 minutes at room temperature.
Ten minutes later, cells were spun as before and fixed in 3:1 methanol:acetic acid for 10 minutes at room temperature. After a final spin, cells were resuspended in 3:1 methanol:acetic acid at 22.5 x 10 6 cells/mL (375 mL) and kept at -20°C until used for studies. 10 µl of chromosome sample was drop from 40 cm height onto a glass coverslip that was sonicated only in ethanol. Glass slide was kept at room temperature for 15 minutes to dry and a flow chamber was assembled such that chromosomes would stay inside the flow channel. To induce mechanical DNA damage, the glass coverslip with metaphase spread was treated with 20 minutes sonication in an ultrasonic water bath before assembly of the flow chamber.
To stain telomeric regions, coverslip containing dried chromosome sample was placed into 4% paraformaldehyde in PBS for 10 minutes and rinsed with PBS. The sample was first treated with RNase A (0.1 mg/ml in PBS) at 37°C for 15 minutes, then with pepsin (0.002% in 100 mM HCl) at 37°C for 15 minutes. Between and after RNase A and pepsin treatments the sample was washed with PBS. Next, the coverslip was washed in series with 70%, 85%, and 100% ethanol for two minutes each. Finally, the sample was incubated with 200 nM of TelC-Cy5 Formally, this is described by a sum of exponential decays 26, 27 , with the number chosen through minimising chi-squared. YOYO-1 dissociation is best described by the reaction $%&'( ) * +',-./-(+0,-
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